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tances of spread ranged from 12 to 3,474 m, indicating a broad continuum of distance for bacterial spread was possible. Disease increased during the first two-thirds of the time studied and reached an asymptote due to dry conditions in the final one-third of the duration of the study. Cross correlation analysis indicated that disease was best visualized 107 days following rainstorms with wind. Analysis of regional spatial point patterns was performed temporally for each 30-day period via a modified Ripley's K-function. Spatiotemporal analyses between periods over areas larger than previously examined were accomplished via spatiotemporal semivariogram analysis. These methods in combination demonstrated rapid increases in range of spatial dependency and range of spatiotemporal dependency for all study sites. This corresponded to rapid spread of disease across the regions studied in response to rainstorms with wind followed by a "filling in" of disease on remaining noninfected susceptible trees through time by less intense rain events. A stochastic quadratization technique demonstrated that disease incidence and disease severity were not greatly affected by urban host density but were positively correlated to host susceptibility within local 0.25-km 2 
quadrats.
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Asiatic citrus canker (ACC) caused by Xanthomonas axonopodis pv. citri is a disease known worldwide in the majority of commercial citrus production areas and has intermittently plagued the Florida citrus industry since the early 1910s (27) . In Florida, ACC was discovered for the second time in 1986 in Manatee County in Florida and was subsequently declared eradicated in 1992 (10) . Citrus canker was discovered for a third time in Florida in residential citrus in Dade County in September 1995. When detected in 1995, the infected area was believed to encompass approximately 36.3 km 2 (14 mi 2 ) of urban properties southwest of the Miami International Airport. In response to the 1995 detection of ACC, a cooperative state/federal Citrus Canker Eradication Program (CCEP) was established by the Florida Department of Agriculture and Consumer Services, Division of Plant Industry in collaboration with the U.S. Department of Agriculture, Animal and Plant Health Inspection Service. Despite extensive eradication efforts that have resulted in the removal or cutting back of over 1.3 million commercial trees statewide and 580,000 infected and exposed dooryard citrus trees, the infected area in urban Miami has increased to 1,386 km 2 (535 mi 2 ) as of July 2001. The surrounding quarantine area is presently over 2,590 km 2 (1,000 mi 2 ). Concurrently, ACC was rediscovered in commercial citrus in Manatee County on the west coast of Florida in June 1997, where a similar eradication effort is currently in progress. Subsequent commercial and residential outbreaks of ACC have also occurred in Collier, Desoto, Hendry, Palm Beach, Martin, and Brevard counties of Florida whose origins are believed to be related predominantly to the inoculum reservoir in residential Dade and Broward counties (10) . ACC is characterized by erumpent lesions on fruit, foliage, and young stems of susceptible cultivars of citrus. When disease is severe, defoliation, dieback, and fruit drop can occur and infected fruit that remain are less valuable or entirely unmarketable (17, 19) . In an attempt to prohibit the introduction of the disease, many citrus-growing areas restrict the importation of citrus from areas or countries known to be infested. During seasons when spring and summer rains are combined with wind speeds in excess of 8 m/s, damage from the disease can range from nominal to significant (28) . The situation in Florida was exacerbated by the introduction of Asian leafminer, Phyllocnistis citrella, in 1993. ACC has increased significantly as a consequence of the insect's feeding activities which exposes leaf mesophyll tissues, thus increasing the probability of infection by X. axonopodis pv. citri (9) .
Previous studies on increase and spread of citrus canker have concentrated on citrus nurseries and commercial plantations. In citrus nurseries, dissemination of X. axonopodis pv. citri is primarily by splash dispersal (13, 29) . The result is the development of numerous secondary foci that eventually coalesce in larger, irregularly shaped areas of disease, which makes the description and quantification of disease gradients difficult and of limited value. Slopes of disease gradients associated with ACC in nurseries fluctuate over time because of disease-induced defoliation on severely diseased nursery plants and infection of newly emerging foliage (13) . Highly significant aggregation of citrus canker-infected trees was associated with splash dispersal, which decreased as the secondary foci coalesced (13) . Ordinary-runs analysis demonstrated a slightly higher within-nursery row than across-nursery row aggregation, although aggregation was demonstrable in all nurseries studied throughout the epidemics, irrespective of direction (13) .
For ACC epidemics in citrus orchards in Argentina, slopes of disease gradients also fluctuated in response to disease-induced defoliation. However, unlike citrus nurseries, gradient slopes were related to wind-blown rain direction. Gradients were shallowest downwind and steepest upwind from the foci of infection (11) . Slopes of disease progress curves calculated with the linear form of the Gompertz model also were significantly greater in the downwind direction. Aggregation of diseased trees was indicated throughout the epidemics by both ordinary-runs analysis and doublet analysis (11) . In an earlier study, linearized disease gradients became steeper through time due to a more rapid increase in disease near the focus of infection (4) .
Spatial autocorrelation and spatiotemporal autocorrelation methods have been used to examine the spread of citrus canker in nurseries and orchards through time (12) . Spatiotemporal autocorrelation analysis (24) provides the ability to examine the evolution of an epidemic in both space and time simultaneously (1, 22, 25) . The results of spatiotemporal autocorrelation analysis led to the description of an spatiotemporal transfer function in the form of a mixed spatiotemporal autoregressive integrated moving average (STARIMA) model (24) . Spatial and spatiotemporal patterns of ACC were examined in three nurseries and two orchards (grapefruit and orange) in Argentina. Data from each assessment date were analyzed by spatial autocorrelation analysis and by spatiotemporal autocorrelation analysis (12) . Changes in significantly correlated spatial lags closely followed the changes in the disease progress curves for each plot and although nursery and orchard results differed, both demonstrated disease relationships that persisted through one or more lags spatial and/or temporally.
Semivariance analysis has gained considerable popularity in recent years for the exploration of geostatistical data. Although variogram estimation has been accomplished using spatial point pattern data for plant pathogens, it is perhaps more appropriately applied to quantitative data. More robust approaches to measures of spatial randomness of discrete (i.e., binary) spatial point pattern data are the stochastic modeling approaches proposed by Ripley (5, 26) and have found application predominantly in ecological studies. For Ripley's methods, first order properties of a spatial point process describe how the mean number of points per unit area (intensity) varies through space. Point-to-point nearest neighbor and origin-to-point nearest neighbor statistics provide objective methods to examine small-scale interactions between points (first order intensity) by calculation of their respective empirical distribution functions (EDF). If the respective point-to-point and origin-to-point nearest neighbor EDFs differ significantly, then a departure from randomness is assumed. The second-order properties (second order intensity) of spatial point processes describe the interaction or spatial dependence between points through space and can be described by Ripley's K-function. In this case, if y is the mean number of diseased plans per unit area (a density), then yK(d) is the number of diseased plants within the distance (d) of an arbitrary (or randomly selected) diseased plant.
By plotting estimates of K as a function of distance, and comparing it to a plot of estimates of complete spatial randomness (CSR), the range of spatial dependency (RSD), i.e., the range of distance over which there is a departure from CSR, and the maximum spatial dependency (MSD), i.e., the distance at which the maximum departure from randomness occurs, can be estimated. Ripley's original method ignores the finite size of the plot in calculating the CSR prediction and uses a weighting that inflates the pairs counts to compensate for the reduced numbers of pairs near the plot boundaries, i.e., edge effects. At low incidence, this weighting tends to overestimate the number of pairs at the boundaries of the plot. An alternative method for calculating the K-function has recently been presented that directly incorporates the edge effect into CSR model predictions, yielding more accurate estimates of the variance (32) . In what follows, this approach is extended to a sample space consisting of an irregular lattice of points (trees). For this case, the prediction of infected point pairs based on CSR is obtained by direct enumeration of tree pairs. Thus, no edge correction is necessary and expectation values and confidence limits can be obtained by direct statistical inference.
Although semivariance analysis is perhaps less useful for analysis of spatial point pattern data, it has been used for spatiotemporal geo-referenced data. In this context, semivariance analysis allows the examination of spatiotemporal relationships of diseased plants either between two time periods or over the duration of an epidemic consisting of several assessment periods, for which diseased plants were assigned a quantitative value corresponding to length of time infected (2, 6, 31) .
Until recently, the scientific basis for the eradication effort was provided by previous data from Argentina indicating that canker bacteria can spread up to 38.1 m (125 ft) during rainstorms associated with wind (30) . This was translated into regulatory policy that resulted in the location of diseased citrus trees by survey teams, and the removal and destruction of these trees and of "exposed trees" within a 38.1-m (125 ft) radius of a diseased tree (10) . Brazil used a similar distance, 30 m (98 ft), to define exposed trees for removal. However, despite the use of the "125-ft rule" by the CCEP, the disease continued to increase in southeast Florida urban areas and spread to numerous commercial citrus plantations across south Florida (9) . Thus, questions arose concerning the appropriateness of the 38.1-m radius around diseased trees to identify exposed trees for eradication in an urban setting and resulted in a request by the CCEP for a study to examine the appropriateness and effectiveness of the rule. The main concerns are: (i) Are the experimental and meteorological conditions under which the data were collected in Argentina applicable to Florida? (ii) Because the Argentine data were collected under orchard conditions, are these findings applicable to the urban situation where much of the eradication effort is ongoing in Florida? In response to these queries, a cooperative CCEP, ARS, and University of Florida research effort was established in August 1998.
No prior information or studies exist on the spread of ACC in urban areas where dooryard citrus is the major source of inoculum. Therefore, a series of studies were conducted in an attempt to provide accurate information on the spread of X. axonopodis pv. citri for the development of biologically sound and effective eradication/suppression procedures under urban conditions. The objectives of the studies were to (i) determine the distance of spread from point sources (foci of infection) in an urban setting and thereby evaluate use of the 38.1-m (125-ft) radius for defining exposed trees; (ii) provide evidence for any adjustment of radius distance that would more effectively define the distance of bacterial spread that might occur between regulatory inspection cycles of 30, 60, 90, or 120 days; and (iii) examine and describe the spatial and spatiotemporal characteristics of ACC under urban conditions.
MATERIALS AND METHODS
Experimental design. During 1998, three study sites were selected within the urban Dade County area with a few widely spaced focal trees from which to measure disease spread. Two additional sites north of the ACC quarantine boundary as it existed at that time were subsequently selected in Broward County. Within the Dade County sites, the CCEP did not undertake eradication efforts during the study but rather continued to address the large backlog of ACC-affected trees elsewhere in the Dade County area. Miami, Dade County sites D1 and D2, consisted of ≈10.3 and 5.2 km 2 (4 and 2 mi 2 ) of urban area, respectively, as defined by section-township-range (STR) boundaries. Site D3 consisted of three infected trees all within 15.2 m (50 ft) of each other at the beginning of the study, and spread was measured from this small focus of infection to the surrounding area circumscribed by a 1.6-km (1.0-mi) radius. The Broward County sites B1 and B2 consisted of 2.6 and 15.5 km 2 (1.0 and 6.0 mi 2 ) of urban areas, respectively. Because the Broward County sites were north of the quarantine boundary and were considered a potential imminent source for continued northward spread of the disease, they were treated differently. In Broward County, ACC-affected trees were removed as they were identified. The majority of tree removals occurred within 2 to 4 weeks of detection.
Within each site, surveys were conducted to identify all diseased and asymptomatic citrus trees. Over 16 inspectors, experienced at recognizing ACC symptoms, conducted inspections in the experimental sites. The diseased trees were visually examined, evaluated, and rated by a single inspector, X. Sun, to maintain consistency. A total of 18,769 trees among the five study sites were assayed. Using differential global positioning system (GPS), latitudinal and longitudinal coordinates were recorded for each tree. Other data recorded relative to each tree included (i) species/ cultivar, (ii) tree age, (iii) age of oldest lesion, (iv) severity of infection, and (v) section of tree infected (i.e., directional quadrant-N, E, S, and W, and portion of tree infected-top third, middle third, and bottom third). Surveys were conducted at least three times in each study area approximately 60 days apart. The age of lesions during a given survey can be based on phenotypic characteristics of infected host tissue. From the above data, the infection initiation date (IID), i.e., the date that the oldest lesion found in a tree, was estimated to have been established, relative to the date discovered and taking into account latency of infection of approximately 14 days. The oldest infection among the five study sites was used to establish the temporal origin of the study period, and all IIDs were referenced to that date. IID for each tree was estimated as survey date (expressed as the number of days posttemporal origin) minus age of oldest lesion expressed in days for each tree. This date was used in all future calculations.
Differential GPS measurements. When measuring distances between two points, GPS accuracy was taken into account. For this project, hand-held GPS units were modified by the addition of differential GPS (DGPS) modules (Model GPS 12XL and GRB21 Differential GPS Beacon Receiver; Garmin Corp., Olathe, KS). These modules used a U.S. Coast Guard transponder in Biscayne Bay, Miami as a known reference point to correct the signal from individual satellites for the United States. At the time of the study, the U.S. Military imposed an inaccuracy algorithm on civilian GPS units for national security reasons. The use of DGPS provided routine readings in the Miami area with accuracy of ±7.5 m (±24.6 ft) or less as described previously. Therefore, when calculation distances between two points determined by DGPS, the distance calculation is considered at most twice the maximum error or ±15 m (±49 ft), considering the worst case measurement error between two points. In practice, the majority of position readings were more accurate than ±7.5 m (as low as ±2.0 m), and thus, in most cases, this error is an over estimate. Latitudinal and longitudinal coordinates for each tree were taken in decimal degree format and converted to universal transverse mercator (UTM) via a series of spreadsheet calculations. UTM provides a flat Cartesian coordinate plane for more accurate calculation of distances between points, as opposed to latitude/longitude measurements based on the surface of a sphere, i.e., the earth. This transformation was performed for all trees in all sites.
Nearest neighbor distance calculations. The distance between any two trees was calculated as the length of the hypotenuse of a right triangle whose perpendicular sides represent the north-south and east-west distances between the two points determined by DGPS. Each tree was assigned an IID value based on an estimate of the date the tree became infected. For the purposes of the study, the IID values were separated into contiguous 30-day categories. This was done because some error in visual estimation of the infection date was assumed. For each site, nearest neighbor distance measurements between focal trees and newly infected trees were calculated for various temporal periods. These temporal periods were 30, 60, 90, and 120 days in duration and were chosen for their relevance to regulatory procedures. That is, the ability of the CCEP to return to resurvey an area every 30, 60, 90, or 120 days. Resurveys were dependent upon the expanding quarantine area and available manpower. For example, to accommodate a 30-day survey period, the infected trees that existed in the area during the first 30 days were considered focal or "alpha trees" that gave rise to the subsequent diseased trees that had IIDs in the second 30-day period. For the next 30-day temporal period, the diseased trees, which occurred in the first 60 days of the study, were considered focal trees that gave rise to the subsequent diseased trees, which had IIDs in the third 30-day period, etc. The entire data set was parsed into 25 time periods (designated T1 to T25), each 30 days in duration, encompassing the period from 26 October 1997 through 15 November 1999. A visual basic application (VBA) was used to calculate the distances between each newly diseased tree and all prior focal trees. The shortest distance was stored and the process was repeated for each new diseased tree in the study area. This "nearest infected neighbor" concept was used throughout the study. Although it is very possible that pathogen spread occurred from source trees to secondary infected trees that were not nearest neighbors, this nearest distance was used because it was considered to be the most conservative estimate of spread. Minimum distances of spread are therefore likely to be an "underestimate" of spread. Distances of spread were parsed into consecutive 15.24-m (50-ft) distance categories and plotted as frequency distributions. This was done by a second VBA. A third VBA was used to calculate the distance from focal trees to all possible subsequent infected trees. For ease of calculation, these distances were parsed into contiguous 30.5-m (100-ft) distance categories. This calculation represented an "overestimate" of spread but provided the longest or maximum distance of spread that could have occurred. It is unknown which focal trees gave rise to infections in subsequent infected trees. Thus, the actual distance of spread intuitively would be between these two extremes described above.
Temporal disease progression. Disease progress curves for all five study sites were plotted versus time based on the nearest 30-day estimates of age of oldest lesions in each tree as was the first derivative (dy/dt) of the increase in incidence. Wind and rain records for the Miami airport site were obtained from the National Weather Service. A simple index (I w×r ) was calculated for each day over the time period corresponding to the duration of the study in which I w×r = wind gust (m/s) × rainfall (cm). Graphically, it could be seen that a relationship existed between wind-blown rain events, reflected in the cumulative I w×r , and major increases in disease progress, however these were offset in time. Cross correlation analyses were conducted to determine the temporal offset, based on the highest coefficient of correlation, between disease progress (in this case using the IID value estimated to the nearest day) for each study site in relation to the weather indices.
Evaluation of the spatial point pattern by modified Ripley's K-function methods. Evaluation of the spatial point pattern (SPP) of citrus canker from a regional perspective in Dade and Broward counties entailed an examination of differences between the spatial distribution of citrus canker-infected trees versus citrus trees in general within the respective study sites. This was accomplished by the comparison of two cumulative distribution functions (cdfs): one representing the fraction of infected tree pairs less than or exactly a distance (d) apart [cdf I (d)] and the second distribution for the total population of trees [cdf T (d)]. Assuming that out of a total of N trees in the study site, I are citrus cankerinfected. These cdfs can be expressed as 
and variance
For the range of incidence and sample size examined in this study, the hypergeometric function is well approximated by a normal distribution with the same mean and variance. This fact can be used to estimate confidence intervals.
The citrus canker-infected trees are tested for spatial dependency by applying the one-sample single-tailed Kolmogorov-Smirnov test to the maximum distance {D = max
between the above two cumulative distributions (3). The above describes a new analytical approach to SPP analysis that is an outgrowth of the modification to Ripley's K-function presented by Ward and Ferrandino (32) . Note this analysis is equivalent to Ripley's K-function in the limit of an infinite number of trees uniformly covering the study site.
The above analysis was accomplished through the use of a VBA written by F. Ferrandino and compares the infected SPP to the total SPP. This generalized Ripley's K-function was used to examine SPP of the five research sites regardless of time period and subsequently to examine the cumulative disease incidence for each site by time period T1 through T25. Via this method, analytical results were obtained for the range of spatial dependency (RSD), i.e., the distance at which the estimated and observed cdfs in equation 1 intersect; the effective range of spatial dependency (RSD eff ), i.e., the distance over which the cdfs in equation 1 were significantly (P < 0.05) different; and the distance at which maximal spatial difference (MSD) occurred, and the cdf (K-value) associated with the maximum spatial difference (Max diff ).
Spatiotemporal analysis of the spatial point pattern. Semivariance analysis was used to further examine the spatiotemporal relationships among ACC-affected trees for each urban study site. Data sets for each site were prepared for analysis by assigning diseased trees a temporal value (t) based on the number of 30-day periods infected relative to the final assessment period. That is, if a tree remained healthy over the majority of time during which the epidemic was monitored but its disease status changes during the last four 30-day periods, then t = 4. Whereas if a tree remained infected for the duration of the time during which the epidemic was monitored, then t = 25. Thus, an individual tree was quantitatively weighted more heavily (by a larger t value) if it became infected earlier in the epidemic. Semivariogram analysis was performed using GS+ geostatistical software (version 5.1, Gamma Design Software, Plainwell, MI) for 0° (omnidirectional with an angle of inclusion of 180°) and 0, 45, 90, and 135° relative to North, and each site with an angle of inclusion of 90°. The semivariance γ(h) (the variance about the mean difference in disease between all sampling units for a given distance = h) versus distance in meters was plotted. By convention, the distance between locations is designated as h for semivariance analyses, whereas it is designated as d for the Ripley's K-function. Linear, linear to sill, exponential, spherical, and Gaussian transitional models were fitted to the semivariance γ(h) versus distance data by means of nonlinear regression analysis performed via a model-fitting subroutine. The resulting two-dimensional spatiotemporal structure was considered anisotropic when directional semivariograms diverged from one another over distance (15) . The range of spatiotemporal dependency (RSTD = A 0 ) was estimated using the chosen model as the point at which semivariance reached a plateau for each comparison among temporal periods. a Repeated surveys were conducted of 6,056 citrus trees in Miami, Dade County, Florida. The location of all trees was determined via differential global positioning system, as was their disease status and, for infected trees, age of the oldest lesion. In each successive time period, the distances from all trees newly infected to the nearest identified previously infected (focal) tree were calculated via a visual basic application. The results thus provide conservative estimates of dispersal distances for the citrus canker pathogen. Time periods are 30 days in duration. The 30-day and 60-day time periods are consecutive and thus the number of existing focal trees plus the number of new infected trees is equivalent to the number of focal trees at the beginning of the next temporal period. However, the 90-day and 120-day time periods overlap with previous periods by 30 and 60 days, respectively, and thus, the number of focal trees is not additive from one period to the next. Prior to January 2000, the Citrus Canker Eradication Program used a distance of 38.1 m (125 ft) from known citrus canker-infected trees to define trees "exposed" to X. axonopodis pv. citri inoculum, and therefore, the percentage of new trees circumscribed by a 38.1-m radius is important for comparison.
Effects of plant density and cultivar susceptibility on disease incidence and severity were examined via a repeated stochastic sampling of square quadrats of 0.25, 0.5, 1.0, 1.5, and 2.0 km 2 areas, respectively. Sites D1 and D2 were utilized because they represented large study areas where no disease trees were removed during the study. A VBA was used to randomly select a centroid point for each of 500 quadrats within sites, so as not to bias the calculations by location. A criterion was imposed such that only quadrats containing citrus trees and only quadrats with at least two diseased trees were accepted as part of the 500 quadrat population. For each quadrat, density of citrus trees, final disease incidence, and index of citrus species/cultivar susceptibility were calculated. During data collection surveys, citrus species/cultivar were assigned to 13 categories. Each category was given a susceptibility rating (0 to 6) based on a combination of prior published studies of susceptibility/resistance (7, 14, 18, 20, 21, 23) . Subsequently, an alternative susceptibility rating was utilized that was based on the actual disease incidence of each of the 13 species/ cultivar categories within each respective site. Trees were also assigned four height categories and their canopies divided into 12 sectors (north, east, south, and west and top, middle, and bottom). The following three indices were calculated for each tree and average indices for each quadrat. The index of disease susceptibility was calculated as
where c = the normalized cultivar susceptibility rating for each tree and t = the number of trees in each quadrat. The index represents a composite estimation of susceptibility based on all trees and accounted for the diversity of cultivar mixture within a given quadrat. a Repeated surveys were conducted of 6,072 citrus trees in Miami, Dade County, Florida. The location of all trees was determined via differential global positioning system, as was their disease status and, for infected trees, age of the oldest lesion. In each successive time period, the distances from all trees newly infected to the nearest identified previously infected (focal) tree were calculated via a visual basic application. The results thus provide conservative estimates of dispersal distances for the citrus canker pathogen. Time periods are 30 days in duration. The 30-day and 60-day time periods are consecutive and thus the number of existing focal trees plus the number of new infected trees is equivalent to the number of focal trees at the beginning of the next temporal period. However, the 90-day and 120-day time periods overlap with previous periods by 30 and 60 days, respectively, and thus, the number of focal trees is not additive from one period to the next. Prior to January 2000, the Citrus Canker Eradication Program used a distance of 38.1 m (125 ft) from known citrus canker-infected trees to define trees "exposed" to X. axonopodis pv. citri inoculum, and therefore, the percentage of new trees circumscribed by a 38.1-m radius is important for comparison.
The index of disease severity was calculated as
where n = the total number of quadrats in the study area, DSB = the binary disease status of the tree (0,1), h = the normalized height of the tree, and q = the proportion of sectors infected for each tree. This index represents a composite estimation of disease severity across all trees in a given quadrat and takes into account tree size and the relative volume of the canopy expressing disease. The index of host density was calculated as
where QS = quadrat size in square kilometers. This index represents a calculation of the citrus tree population saturation (relative to the quadrat with the highest density) of a given quadrat. Each of The location of all trees was determined via differential global positioning system, as was their disease status and, for infected trees, age of the oldest lesion. In each successive time period, the distances from all trees newly infected to the nearest identified previously infected (focal) tree were calculated via a visual basic application. The results thus provide conservative estimates of dispersal distances for the citrus canker pathogen. Time periods are 30 days in duration. The 30-day and 60-day time periods are consecutive and thus the number of existing focal trees plus the number of new infected trees is equivalent to the number of focal trees at the beginning of the next temporal period. However, the 90-day and 120-day time periods overlap with previous periods by 30 and 60 days, respectively, and thus, the number of focal trees is not additive from one period to the next. Prior to January 2000, the Citrus Canker Eradication Program used a distance of 38.1 m (125 ft) from known citrus canker-infected trees to define trees "exposed" to X. axonopodis pv. citri inoculum, and therefore, the percentage of new trees circumscribed by a 38.1-m radius is important for comparison.
the above indices was normalized, resulting in values from 0 to 1 for each quadrat sampled. Index of disease severity values were also used to perform a semivariance analysis followed by a kriging of the data by the block method to visualize the occurrence and position of foci and the development and spread of disease through time. Kriging was performed at four time periods selected to best represent periods following significant increases in disease.
RESULTS
Temporal progress and interaction with meteorological events. Study sites B1 and B2 were not used to examine the relationship to specific meteorological events because trees were removed from these sites throughout the study. This condition undoubtedly affected disease progress. Disease increased within all plots but was most evident during the first approximately 540 days. After this period, disease increase slowed dramatically and reached a plateau due to the prevalence of dry weather and the depletion of the noninfected susceptible host trees (Fig. 1A) . The rate of disease increase (dy/dt) varied through time and peaked at three times (for sites D1, D2, and D3) over the duration of the study depending on research site (Fig. 1B) . Peaks were generally offset in time following significant rain events (Fig. 1C  to F) . The more rapid changes in disease incidence followed meteorological events with a corresponding combination of wind gust and precipitation represented by I w×r . Cross correlation analyses were conducted to determine the temporal offset of disease progress for combined data from study sites D1, D2, and D3 in relation to the combined weather parameters (I w×r ). Maximum correlation (r = 0.988) occurred ≈107 days following major rainstorm events. These results indicated that disease was visually detected with the highest accuracy by survey teams ≈107 days after infection. The location of all trees was determined via differential global positioning system, as was their disease status and, for infected trees, age of the oldest lesion. In each successive time period, the distances from all trees newly infected to the nearest identified previously infected (focal) tree were calculated via a visual basic application. The results thus provide conservative estimates of dispersal distances for the citrus canker pathogen. Time periods are 30 days in duration. The 30-day and 60-day time periods are consecutive and thus the number of existing focal trees plus the number of new infected trees is equivalent to the number of focal trees at the beginning of the next temporal period. However, the 90-day and 120-day time periods overlap with previous periods by 30 and 60 days, respectively, and thus, the number of focal trees is not additive from one period to the next. Prior to January 2000, the Citrus Canker Eradication Program used a distance of 38.1 m (125 ft) from known citrus canker-infected trees to define trees "exposed" to X. axonopodis pv. citri inoculum, and therefore, the percentage of new trees circumscribed by a 38.1-m radius is important for comparison.
Results from the spatiotemporal studies of disease spread are presented in Tables 1 to 5 (Fig. 2) . Table 1 demonstrates that as the density of infected trees increases through time, the distance calculation between temporal periods becomes more conservative. This results because more infected trees lie closer to each other and thus distance measurements to newly infected trees decreased through time.
Therefore, the most important estimates of spread resulted from consideration of the first few temporal periods, during which longer distance estimates were less obscured. For site D1, the ranges of the maximum distances of spread measured for the first four 30-, 60-, 90-, and 120-day periods were 494 to 1,159, 552 to 1,739, 552 to 1,768, and 441 to 1,829 m (1,622 to 3,803, 1,814 to 5,705, 1,814 to 5,801, and 1,450 to 6,000 ft), respectively. In this site, during the first 30-day period, four ACC-affected trees gave rise to 10 newly infected trees, the farthest was 1,159 m distant and none were within the first 38 m. For site D2, the ranges of distance measurements were considerably less at first but longer distance measurements up to 618 m (2,030 ft) were obtained for 30-day periods after 23 February 1998. Site D3 is of interest because there were only two diseased trees in the area at the onset of the epidemic and all surrounding areas for several miles were free of disease. When the 30-day period measurements were examined, they represented the emergence of only a few new diseased trees from very few previously infected trees, and thus provided rela- a Repeated surveys were conducted of 1,113 citrus trees in Miami, Broward County, Florida. The location of all trees was determined via differential global positioning system, as was their disease status and, for infected trees, age of the oldest lesion. In each successive time period, the distances from all trees newly infected to the nearest identified previously infected (focal) tree were calculated via a visual basic application. The results thus provide conservative estimates of dispersal distances for the citrus canker pathogen. Time periods are 30 days in duration. The 30-day and 60-day time periods are consecutive and thus the number of existing focal trees plus the number of new infected trees is equivalent to the number of focal trees at the beginning of the next temporal period. However, the 90-day and 120-day time periods overlap with previous periods by 30 and 60 days, respectively, and thus, the number of focal trees is not additive from one period to the next. Prior to January 2000, the Citrus Canker Eradication Program used a distance of 38.1 m (125 ft) from known citrus canker-infected trees to define trees "exposed" to X. axonopodis pv. citri inoculum, and therefore, the percentage of new trees circumscribed by a 38.1-m radius is important for comparison.
tively unobscured measurements of spread. The longest distance measurement for D3 occurred during the 30-day period following 21 December 1998, when eight previously infected trees gave rise to six newly infected trees with a maximum distance of 588 m (1,929 ft). Site B1 had the longest calculated distance of spread measurement, 3,474 m (11,398 ft), which occurred during the first 30-day period when two previously infected trees gave rise to 28 newly infected trees. Site B2 resulted in maximum calculated distances of spread during 30-day intervals that ranged from 55 to 475 m (181 to 1,557 ft). Figure 3 represents frequency distributions for each study site for all possible distances of spread from minimum to maximum. Peaks in this distribution that represented the most common distance categories calculated were 640, 457, 60, 518, 243, and 335 m (2,100, 1,499, 197, 1,699, 797, and 1,099 ft) for D1, D2, D2, D3, B1, and B2, respectively, based on 30-day intervals. Note that D2 was bimodal and had two equivalent high frequency peaks. Maximum possible distances of spread based on the data from each area were 3,444, 2,133, 914, 4,754, and 1,432 m (11,299, 6,998, 2,999, 15,597, and 4,698 ft) for D1, D2, D3, B1, and B2, respectively.
Ripley's K-function. Modified Ripley's K analysis of the citrus canker SPP for each of the study sites was performed encompassing the entire study period. That is, the SPP evident in each time period, T1 to T25, was calculated and examined in order to better understand and explain the change among successive SPP associated with the spread of ACC in the study sites. The SPP examined in each time period consisted of the new infections occurring in that time period, as well as all diseased citrus trees from previous time periods. The dynamics of the range of spatial dependency (RSD = the distance at which the estimated and observed modified Ripley's K cdf values intersect), the effective range of spatial dependency (RSD eff ) at α = 0.05, and the maximum departure from randomness (Max Dif ) and its associated distance (MSD) were calculated for each 30-day period (Figs. 4 and  5A to D) . Aggregation of the SPP, exhibited by a significant difference between the cumulative distribution functions in equations 1 and 2 above, was exhibited in all of the respective sites through the entire range of time. By applying this method across the 25 temporal periods of the study, the regional spatiotemporal relationships of ACC were examined for each study site and among study sites. In general, aggregation increased concomitantly with disease incidence. This aggregation was expressed by the RSD eff that increased across all study sites and approached a maximum during the first few temporal periods. The RSD eff associated with sites D2, D3, and B2 increased through time until it reached a maximum plateau, whereas for D1 and B1, the RSD eff occurred during T3 and T7, respectively, and decreased over the next several temporal periods before reaching a lower plateau. The maximum RSD eff for sites D1, D2, D3, B1A, and B1B was 1.53, 2.13, 0.85, 3.78, and 1.61 km and corresponded to 30-day periods T3, T2, T18, T6, and T9, respectively. The greatest departures from randomness, Max diff , for D1, D2, D3, B1A, and B1B were Kvalues of 0.45, 0.69, 1.00, 0.73, and 0.71 and corresponded to distances of 1.03, 0.69, 0.01, 0.95, and 0.31 km, respectively. Examination of the SPP maps for each plot revealed that for D1, D2, and D3, the distribution of citrus canker-infected trees over the extents of each plot was first seen at T3, T2, and T17, respectively, and related to RSD eff spatiotemporal distance relationships of 1.5, 2.2, and 1.6 km, respectively.
Analyses of the spatiotemporal relationships of the SPP of ACC were conducted to compare consecutive 30-day periods over the duration of all 25 temporal periods. The spherical model was the best descriptor of the spatiotemporal structure of the point patterns for sites D1, D2, and D3 through time based on residuals of regression and the r 2 of regression. This model provided a definitive estimation of the RSTD = the range of spatiotemporal dependency. That is, for the associations of diseased trees, the model was capable of expressing the significant range of distance over which this association occurred and the dynamics of this range through time. The isotropic RSTD increased rapidly for site D1. The spatiotemporal structure had a RSTD of 0.119 km for the comparison of the first versus the second 30-day period. The RSTD exceeded the maximum active lag distance (80% of the longest diagonal axes of the site) with the comparison of the second and third 30-day periods, which corresponded to spread of citrus canker across the entire site by T3. For site D2, no focal trees existed during T1, but at T2, ACC-affected trees were widely dis- Fig. 2 . Examples of the frequency of occurrence of new infections relative to the nearest preexisting citrus canker-infected tree (calculated to the nearest 15.25 m [50 ft]) during a 30-day period for A, site D1 for period T2; B, site D1 for period T5; C, site D2 for period T5; and D, site D2 for period T7. Tables 1 through 5 provide complete data presentation.
persed across the site. Thus, the first comparison that could be made was between T2 and T3 for which the RSTD exceed the maximum active lag distance. For site D3, disease started with a single isolated focal tree and increased intermittently through time. Only very few diseased trees existed until T6 and thus no spatiotemporal comparisons could be made until that time. Subsequent periods of disease increase were related to T13, T14, T17, and T25. RSTD values associated with T1 to T6, T1 to T13, and T1 to T14 were 0.037, 0.009, and 0.033 km, respectively. Spatiotemporal comparisons of T1 to T17 and T1 to T25 resulted in RSTD values that exceeded the active lag distance extents of the plot.
The effects of host plant density and cultivar/species susceptibility on disease incidence and disease severity. Of the various quadrat sizes tested, the 0.25-km 2 quadrat size resulted in the clearest relationship among those variables and indices examined, and therefore, was used for all further analyses. The random distribution of the centroids of each of the quadrats was selected by the stochastic process for sites D1 and D2. The appropriateness of the stochastic quadratization method was evaluated against a simple nonoverlapping quadratization method, the latter of which resulted in far fewer quadrats for comparison. The same data trends were found with both methods, indicating no unique outcomes associated with the use of stochastic overlapping quadratization, and led to its application for all further comparisons.
Linear regression of disease incidence versus host plant density resulted in low coefficients of regression and slightly positive slopes for both D1 and D2, indicating little or no effect of host plant density on disease incidence. However, the variance associated with the relationship of disease incidence to host plant density decreased as density increased. That is, at lower host densities, disease incidence was more variable and variability decreased with increased host density. This decrease was more apparent for site D1 than for D2. Similarly, linear regression of disease severity (the proportion of diseased sectors of individual trees) versus host density indicated a slight positive slope for both sites, indicating little or no effect of host plant density on disease severity (Fig. 6A  and F) . The associated variance for this relationship also decreased as density increased. Linear regression of disease incidence versus the index of disease severity resulted in a positive slope and high r 2 values for both sites, indicating that much of the variation due to regression was accounted for and indicated a direct relationship between increasing disease incidence and increasing disease severity, as expected.
Susceptibility was best expressed as a function of proportion of diseased individuals in each cultivar/species category that became infected relative to each site (data not shown), and this index of susceptibility was used for all further comparisons. For both sites, linear regression resulted in positive slopes for both disease incidence and the index of disease severity versus the index of susceptibility ( Fig. 6B and G) . The associated r 2 of regression values accounted for more of the variation due to regression for site D2 compared with site D1, and for D2 demonstrated a much greater effect of host susceptibility on incidence and severity. Normalized susceptibility was heavily clustered in the low and midrange for sites D1 and D2, respectively, with considerable variation in disease incidence and disease severity. This clustering of values represented a high population of plants with similar susceptibility in both sites that was independent of host density.
The combined effect and interaction of host density and the index of susceptibility of quadrats on incidence and severity was also investigated (Fig. 6C and H) . The associated r 2 of regression values, although low, still accounted for more of the variation due to regression for site D2 than site D1, and for D2 demonstrated a more positive slope, indicating a greater effect of the susceptibility-density index on incidence and severity. Although more prevalent for D1 than D2, the variance associated with the relationship decreased as incidence and severity increased, indicating a better relationship of higher values of the susceptibility-density index with incidence and severity.
Kriging of the I sev demonstrated the occurrence and development of foci of disease in each of the urban areas (Fig. 7) . For each of the study sites, foci of infection that established early in the study can be seen. As these foci continued to increase in severity and spread locally, additional foci began to appear. The effect of previously established foci on the establishment and evolution of new foci was seen. It was noted that early in the epidemic foci often became established at considerable distance from each other. These foci continued to enlarge while simultaneously new secondary foci began to fill in the previously uninfected areas between the original foci.
DISCUSSION
To our knowledge, this is the only known study of ACC in an urban environment. It is also the only study where the disease was under eradication but regulatory agencies permitted diseased trees to remain undisturbed while the spatial and temporal spread of the disease was investigated. Only Dade County sites D1, D2, and D3 were used to examine the effect of environmental variables on ACC increase because trees were removed inconsistently from Broward County sites B1 and B2 over the duration of the study. For the Dade County sites, three major peaks in dy/dt occurred. These peaks were related to combinations of wind and rain and demonstrated the correlation of the increase in disease incidence versus the calculated index, I w×r , which takes into account rainfall associated with maximum wind gust. Cross correlation analysis indicated a maximum correlation of disease increase with I w×r and had a temporal offset at ≈107 days following major rainstorm events. Disease increased most rapidly during approximately the first half of the study period and reached an asymptote due to a prolonged dry period of ≈195 days, which is unusual for southeastern Florida. Rain following the dry period toward the end of the study did not lead to further disease increase because of the following combination of factors: (i) due to the temporal offset of 107 days, new disease would not have been detected until some time after the final disease assessment was made, (ii) the majority of the susceptible trees were already infected, and (iii) several rain periods followed by a period of time would be required for trees to be stimulated to develop a new flush of growth following a prolonged drought, and thus trees were not susceptible for some time even with rain present.
Caveats associated with data collection and interpretation. As ACC progressed through time, the calculation of distance of spread became more conservative. This was because the number of focal trees increased over time. Thus, the possible distance of spread from a newly infected tree to the nearest infected focal tree decreased because the total number and density of diseased focal trees within the study site increased. Therefore, the most accurate estimates of spread resulted from evaluation of the first few temporal periods. As expected, another important factor was weather. Meteorological conditions continually changed and thus no two temporal periods had the same number of storms, and each storm was characterized by different amounts of rainfall, rain intensity, wind speed, and wind direction. Finally, host tree susceptibility was dynamic. Unlike a commercial citrus orchard, urban trees were not of uniform age, cultivar, or horticultural care. Therefore, the number and duration of new flushes of foliage continually changed over time and was dependent on cultivar, age, fertilization, and general health of a tree. These horticultural factors varied widely and were continually in flux within the urban areas studied.
The survey area in Dade and Broward counties of south Florida has grown to over 2,590 km 2 (1,000 mi 2 ) and a 100% survey (i.e., all residential properties) is dictated for these counties (10) . In addition, much of the remaining portion of residential and south Florida must be surveyed via a "sentinel tree" survey method to detect new infections, and surveys are continuously conducted in the over 1.2 million acres of commercial citrus as well (10) . Such a monumental effort requires a very large dedication of manpower and fiscal resources and makes the goal of resurvey of suspect areas on a 30-day cycle difficult to achieve. To account for the probable inability to resurvey every 30 days, longer temporal periods of disease increase and spread were examined also.
In January 2000, a "1,900-ft regulation" was adopted by CCEP to define exposed trees for removal within that radius of an infected tree (10) . If we consider the first four 30-day temporal periods over all of the study sites during which spread occurred, 3 of 12, 4 of 12, 7 of 12, and 7 of 12 of these 30-day periods had calculated distances of spread that required >579 m (1,900 ft) to circumscribe 90, 95, 99, and 100% of the newly infected trees, respectively. Thus, 579 m is a distance that is neither the longest nor the shortest distance calculated but rather a compromise that represents a common distance of disease spread during a 30-day period. It should be considered that spread of the disease over some of the larger distances measured could have been the result of movement of inoculum or infected plant materials by human or mechanical means. Thus, the distance estimates needed to circumscribe 95 or 99% of the newly infected trees, rather than 100%, would be a conservative estimate of maximum possible spread. Even so, it would appear from examination of results of the calculations presented that radii of ≥579 m would be necessary to define exposed trees for removal to contain spread in many cases.
If we consider the temporal results mentioned previously, cross correlation analysis indicated that the maximum visual detection of disease was a little over 3 months (107 days) after a dissemination event. From a survey and detection point of view, there has been consideration given to increasing survey frequency, i.e., decreasing the time period between repeat surveys of an area, in an attempt to offset the need to increase the radius from 38-m (125 ft), as previously used by the eradication program, to some greater distance in an effort to circumscribe the majority of new infections. This approach was not supported by the results of this study for the following reasons: (i) for some of the 30-day temporal periods, only a single storm event occurred, yet this event resulted in spread of the disease far in excess of the 38.1-m distance; (ii) the ever-expanding ACC quarantine area makes it less and less possible to resurvey all infested sections in a timely manner even with increased manpower; (iii) surveys crews are unlikely to detect all disease in an area because they rarely have 100% access to all properties within a survey area; and (iv) most importantly, maximum visual detection does not occur until about 107 days following dissemination, indicating that a portion of the infections are subclinical. Because visual surveys are less sensitive than desired, numerous small infestations of disease are not accounted for until subsequent surveys. Therefore, the conclusion that the 38.1-m radius could still be used if combined with more frequent survey cycles could lead to a false sense of security that the disease can be managed simply by increasing the frequency of resurvey. In our estimation, this is unlikely to hold true.
The effect of meteorological events on the spread of ACC is significant and not addressed here other than to recognize that spread was not consistent from one time period to the next. The complexities of meteorological events, especially the interaction of wind and rain in pathogen dispersal and infection, has been examined in commercial plantings previously (4, 8, 9, (11) (12) (13) 16) and will be examined in urban settings in future work. Although these further analyses will likely provide greater insight into the spatial distribution and dynamics of ACC in an urban environment, they will not change the measurements of distances of spread determined by this study. For regulatory purposes, the most important results were the establishment of distances of spread 6 . The effect of citrus host plant density and cultivar/species susceptibility on disease incidence and severity for site D1 (A to E) and D2 (F to J) based on stochastic placement of 500, 0.25-km 2 centroids. A and F, The effect of host density on disease severity. B and G, The relationship of the normalized index of susceptibility and disease severity. C and H, The relationship of the normalized index of susceptibility-normalized host density and normalized index of disease severity. D and I, The relationship of the normalized index of susceptibility-normalized host density and quadrat disease incidence. E and J, The relationship of the normalized index of susceptibility-normalized host density and disease incidence. Calculations are described in equations 6 to 8.
from focal trees to newly infected trees in the study areas. As indicated above, these distances are conservative underestimates of disease spread because they are based solely on measurements of nearest neighbor distances. In many cases, spread of ACC was undoubtedly due to dissemination of inoculum from focal trees at greater distance than to the nearest nondiseased tree. Unfortunately, actual distances of spread cannot be definitely determined from the present data sets. However, the data presented here does conclusively demonstrate that spread of ACC in urban Miami occurs over distances considerably greater than 38.1 m (125 ft), the distance previously used by the CCEP to define exposed trees. The application of the "125-ft rule" to define exposed trees for eradication was inadequate to contain the disease and curtail further spread and was likely one of the main contributing factors that resulted in the inability to suppress disease spread between 1996 and 2000 (27) .
Consistency of findings.
The findings of the current study for the spread of ACC in urban Dade and Broward counties are consistent with those previously described for spread of the disease first discovered in October 1990 in commercial citrus in South Central Florida (8) . In the case of an epidemic in a commercial citrus orchard, inoculum originating from lemon trees in an adjacent residential property was disseminated to the neighboring commercial planting. Meteorological data from the National Weather Service were examined to reconstruct the relationship of inoculum spread with weather. The age of the oldest lesions in the commercial planting coincided with a mid-August 1989 storm that passed through the area. No other storms of significance occurred at the location of the commercial planting around this time period. Source to secondary-foci distances for the commercial outbreak were 230 m (754 ft), 410 m (1,345 ft), and 810 m (2,657 ft) for the three secondary foci. The urban environment is considerably Fig. 7 . Kriging estimate maps based on the normalized index of disease severity (I sev ) of citrus canker-infected trees in five study sites in Miami, Dade and Broward counties. Columns of panel graphs from left to right represent 30-day periods T5, T10, T14, and T18, respectively. Rows of panel graphs from top to bottom represent study sites D1, D2, D3, B1, and B2, respectively. UTM-W and UTM-N = universal transverse mercator west and north, respectively. UTM is a geo-referenced measurement system used to locate points on the earth's surface. UTM measurements are in kilometers. Note establishment of primary foci early in the epidemic that enlarge through time combined with spread due to the development of secondary foci that fill in the areas between.
different from that of a commercial orchard. Citrus plant age, cultivar, horticultural health, etc., vary widely among residential properties and affects susceptibility both quantitatively and temporally. In addition, plant density is much less than in commercial orchards and exposure of citrus trees to wind-blown rain can be affected by physical windbreaks such as buildings, enclosures, and trees of other species. Wind can also be irregularly channeled between such obstacles and numerous complex eddies likely also affect inoculum dispersal. Even so, the range of distances of spread measured in the present study corresponded with those distances of spread determined in the 1990 commercial citrus study. Thus, even though the urban and commercial citrus environments are vastly different, the underlying spatial dynamics appear to have a commonality of spatial process. That is, inoculum dissemination via wind-blown rain occurred over similar distances in both situations regardless of variability of citrus plant species/cultivar, density, susceptibility, horticultural health, etc.
To our knowledge, the regional increase and spread of ACC has not been previously examined. Spatiotemporal autocorrelation was used previously to examine relationship among ACC-affected citrus trees in small experimental nursery and orchard plantings (11) (12) (13) . In the present study, the modified Ripley's K-function and semivariance analyses were used to examine the SPP of citrus canker for each study site, temporally for each 30-day period and spatiotemporally between periods over areas larger than previously examined. In sites D1 and D2, disease spread rapidly across the extents of the sites during the second and third 30-day periods (T2 and T3), respectively. Site D3 provided the most insight into the spatiotemporal structure and dynamics of ACC in an urban setting. Disease increase was recorded relative to only a few 30-day temporal periods, and was aggregated and constrained to the area immediately surrounding the initial focal tree until T17. However, during T17, disease spread extended over the extents of the study site. These disease dynamics were well reflected in the rapid increase of the RSD eff associated with the Ripley's analyses of sites D1 and D2 versus the more gradual increase of the RSD eff associated with site D3 through time. A rapid increase of RSTD was also associated with spatiotemporal disease dynamics by semivariance analyses for D1 and D2 versus a less rapid increase of RSTD for site 3. This represents a rapid increase in the association of disease in both spatial and temporal scales, simultaneously. Examination of the SPP maps for each plot revealed that for D1, D2, and D3, the distribution of infected trees over the extents of each plot occurred at T3, T2, and T17, respectively, and related to RSD eff , spatiotemporal distance relationships of 1.5, 2.2, and 1.6 km, respectively. Following these events, the disease quickly began to fill in the sites. The distances related to the spatiotemporal analyses indicate that in the urban environment, diseased trees located at relatively long distances from each other are related through time. The kriging of the index of severity through time visually demonstrated the establishment of foci of infection and the spatial evolution of secondary foci that caused the filling in of the uninfected areas with disease. This is not surprising and has been demonstrated many times on the plot or field scale, but here was demonstrated on a regional spatial scale in large urban areas.
It is known that two spatial processes affect ACC increase and spread. Splash dispersal is generally a local mechanism for bacterial inoculum dispersal within individual trees and among trees in close proximity to one another (9, 11, 13, 16, 28, 29) . Some of the trees within urban Miami, especially large grapefruit trees, can achieve heights of 8 m and it is common to find infections in the exposed tops of these trees. Simple splash dispersal from the tops of such trees could disperse the bacteria several meters horizontally especially in light but directional airflows. Conversely, wind-blown rain can disperse small droplets laden with inoculum over a wide range of short to very long distances. In the Miami area, 70 to 80 rainstorms typically occur per year, the majority of which are associated with low wind speeds but some are quite violent with wind speeds reaching up to 160 km/h. What was interpreted from the data sets in this study was that apparently the less frequent rainstorms associated with strong winds dispersed inoculum over large areas and resulted in a low incidence SPP of disease throughout large areas. The more frequent nonviolent rainstorms contributed by locally dispersing bacterial inoculum. That is not to say that during rainstorms that both short-distance and long-distance dispersal mechanisms were not occurring simultaneously. Wind speeds often vary greatly over the duration of rainstorms, and thus both mechanisms are likely to be functioning at different times or simultaneously in inoculum dispersal at different points in the storm. It is our belief that the interaction of these two spatial processes (local rain splash of inoculum and long-distance dispersal by blowing inoculum-laden rain) in combination with occasional human movement of inoculum or infected plant material led to the spatial patterns of disease and spatiotemporal dynamics of citrus canker examined in this study and the overall spatial structure of disease in urban southeast Florida.
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